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Distorted representations of the body and peripersonal space are common in Complex Regional Pain 
Syndrome (CRPS), and might modulate its symptoms (e.g. asymmetric limb temperature). In pain-
free people, such representations are malleable, and update when we interact with objects in our 
environment (e.g. during tool-use). Distortions are also common after immobilisation, but quickly 
normalise once movement is regained. We tested the hypothesis that people with CRPS have 
problems updating bodily and spatial representations, which contributes to the maintenance of their 
distorted representations by preventing normalization. We also explored spatially defined 
modulations of hand temperature asymmetries, and any influence of updating bodily and spatial 
representations on this effect. Thirty-six people with unilateral CRPS (18 upper limb, 18 lower limb) 
and 36 pain-free controls completed tool-use tasks considered to alter body and peripersonal space 
representations (measured using tactile distance judgements and a visuotactile crossmodal 
congruency task, respectively). We also tested how the arrangement (crossed, uncrossed) of the 
hands and tools affected hand temperature. In upper limb CRPS the non-affected arm 
representation updated normally, but the affected arm representation updated in the opposite to 
normal direction. A similar pattern was seen in lower limbs CRPS, although not significant. 
Furthermore, people with CRPS showed more pronounced updating of peripersonal space than the 
controls. We did not observe any modulation of hand temperature asymmetries by the arrangement 
of hands or tools. Our findings show enhanced malleability of bodily and spatial representations in 






Distorted representations of the body and its surrounding (i.e. peripersonal) space are characteristic 
of certain neurological conditions (e.g. asomatognosia [3], and hemispatial neglect [42,111,112]), 
and can occur during anaesthesia [31,78,100], and in chronic pain [32,96,108]. For instance, aside 
from pain, motor deficits, and autonomic symptoms, people with Complex Regional Pain Syndrome 
(CRPS) can perceive their affected limb to be distorted, (partly) missing, and/or larger than its 
physical size [4,70,80,95]. There is also evidence of attentional biases away from the CRPS-affected 
side of peripersonal space [13,29,34,75,85], which are predicted by body representation distortions 
[13].  
 
Bodily and spatial representations are use-dependent: they update if our ability to use our limbs is 
restricted temporarily (e.g. by casting [35]) or permanently (e.g. by amputation [16,55]), or as we 
interact with objects [22,52,58,63,65,88]. One paradigm that demonstrates the malleability of these 
representations is tool-use. Tool-use causes the multisensory representations of the body and 
peripersonal space to update [18,58,63], whereby the nervous system changes the way it uses 
sensory information to enable tools to become functional and sensory extensions of the body [68]. 
For example, using rake-like tools leads to a perceived lengthening of arm and extends peripersonal 
space towards the distal end of the tool [17].  
 
Distorted representations of the body and peripersonal space might contribute to CRPS pathology by 
leading to conflicts between sensory and motor signals theorised to trigger pain and other 
symptoms [38,64][56]. These distortions might be due to altered sensory input [44], disuse [84], 
and/or cortical reorganisation of the affected limb’s representation [23,43,54,83,114], although the 
latter is challenged by recent findings [24,56]. Whatever the mechanism, altered body 
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representation (“neglect-like symptoms”) predicts worse pain outcomes in chronic CRPS [117], and 
treatments targeting bodily and spatial representations (e.g. graded motor imagery [69,71,72], and 
prism adaptation [12,19,103]) appear to reduce pain and other CRPS symptoms [9]. [74] 
 
Altered bodily and spatial representations are common after limb immobilisation [7,35,51], but 
these effects typically reverse once normal movement is restored [6]. As the distorted 
representations in CRPS persist, this could be due to problems with updating such representations. 
Here, we present a study investigating the updating of body and peripersonal space representations 
following tool-use in people with and without CRPS. We used tactile distance judgements (TDJs) 
[7,17,66,67] and a crossmodal congruence task (CCT) [60] to examine tool-use-dependent changes in 
body and peripersonal space representations, respectively. We hypothesised that people with CRPS 
would be less able to update bodily and spatial representations than pain-free individuals, as 
indicated by different effects of tool-use on their TDJs and CCT responses.  
 
Furthermore, CRPS symptoms can be spatially modulated [74] depending on the represented 
location in space rather that the limb’s physical position [73], and manipulations of bodily 
experience can alter skin temperature [39,76,94]. We therefore adapted previous protocols [73,74] 
to explore any modulation of hand temperature asymmetry by the arrangement of embodied tools. 
We hypothesised that hand temperature asymmetries would reduce when people with upper limb 






We used a mixed design with one session to measure tool-use-dependent changes in the 
representations of the body and peripersonal space, and hand temperature asymmetry. We 
compared these variables between people with upper limb CRPS, lower limb CRPS, and pain-free 
individuals. In line with recent recommendations for pain research [45], the study protcol and 
planned analyses were preregistered on the Open Science Framework (https://osf.io/pjdw9).  
 
2.2 Participants 
The inclusion criteria for all participants in the study were that they be aged over 18, have normal or 
corrected to normal vision, and have sufficient arm strength to manoeuvre the tools. Exclusion 
criteria were a history of brain injury or disorder (e.g. stroke, multiple sclerosis, Parkinson’s disease), 
or psychiatric disorders that might be associated with pronounced perceptual changes (e.g. 
schizophrenia [109]). We did not exclude participants who reported a history of depression or 
anxiety. Additional inclusion criteria for people with CRPS were that they met the Budapest research 
criteria for CRPS type I or II [36] primarily affecting one upper or one lower limb. Additional exclusion 
criteria for the pain-free controls were that they had chronic pain (defined as having experienced 
pain most days for 3-months or more). Control participants were matched to an individual with CRPS 
for age (± 5 years), sex, and self-reported handedness. Participants were reimbursed £10 per hour 
for their time, along with travel and accommodation expenses where relevant. The study adhered to 
the 2013 Declaration of Helsinki, and received ethical approval from the UK Health Research 
Authority (REC reference 12/SC/0557) and the University of Bath Psychology Department Ethics 
Committee (16-236). 
 
Our sample size calculations for a 4-way repeated-measures ANOVA suggested that 17 participants 
would be needed in each group to detect a medium effect size (f(U) = 0.25), with an alpha of 0.05, 
and 80% power. We also calculated a ‘safeguard power analysis’ [81], which overcomes some of the 
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issues with basing sample size estimates on pilot work [2]. That is, we calculated an 80% confidence 
interval (CI) around the effect size that we obtained from our pilot data for the interaction between 
Tool Arrangement, Visual Field, and Congruence, on reaction times from the CCT, 80% CI = 
[0.32, 0.68]. Next, we calculated the sample size needed to detect the lower boundary of this effect 
(i.e. ƞ2p = .32) using MorePower 6.0.4 [15], which suggested that we would need 20 participants to 
replicate this 2x2x2 within-subject interaction. The largest number of order combinations in our 
counterbalancing was six. We considered the number of people with CRPS we could feasible recruit 
for each Group, whilst retaining even counterbalancing. Based on these estimates and 
considerations we decided to recruit 18 participants for each Group (i.e. lower limb CRPS, upper limb 
CRPS, lower limb controls, upper limb controls). One person with upper limb CRPS was not able to 
complete all the tasks, so we recruited an extra participant for this group (i.e. 19 people with upper 
limb CRPS). Therefore, 37 people with CRPS participated in the study (M age = 46.6, SD = 12.5; 27 
female; 32 right-handed; see Tables 1 & 2 for clinical and demographic details). One person with left 
lower limb CRPS also had the left side of her torso affected. One person with CRPS in his left foot 
also had less severe CRPS in his left arm. One person with CRPS in her right hand also reported 
undiagnosed pain in her right foot, which she described as a “CRPS-like” sensation, although she did 
not show any signs of CRPS or experience any other symptoms of CRPS in this foot. All other 
participants with CRPS had only one limb affected. Sixteen of the people with CRPS also reported 
other pain diagnoses, such as fibromyalgia, that they considered less disabling or intrusive than their 
CRPS. Thirty-six pain-free individuals (M age = 45.8, SD = 13.7; 27 female; 32 right-handed) took part 
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T = temperature recording only. noT = no temperature recordings. U = undiagnosed. Duration = 
months since CRPS diagnosis. SF-MPQ-2 = Short-form McGill Pain Questionnaire [18], total score. 






























48 F R L-I 13 78 7 24 4.64 Unknown 
LL2 
 









41 F R L-II 14 56 8 17 4.32 Spontaneous 
LL5 
 
50 M R L-I 13 43 8 21 5.64 Shin fracture 
LL6 
 
32 F R L-I 11 48 7 38 4.45 Knee surgery 
LL7 56 F L L-I  9 13 5 30 2.05 Abdominal 
surgery 
LL8 46 F R L-I 11 170 6 35 7.45 Abdominal 
surgery 
LL9 52 F R L-I 14 37 10 22 8.09 Unknowna 
LL10 57 F R R-II 14 349 10 17 6.36 Foot, ankle, 
and skull 
fracture 
LL11 32 M R L-II 15 17 7 24 7.14 Crushed foot 
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LL12 28 F L L-I 14 21 9 21 7.55 Foot surgery 
LL13 59 M R L-II 13 113 7 45 5.95 Ankle 
compound 
fracture  
LL14 43 F R R-II 14 18 8 45 8.36 Foot fracture 
LL15 59 F R L-I 12 21 7 25 7.68 Crushed 
ankle 
LL16 49 M R R-I 9 16 9 50 8.14 Crushed foot 
16 
 
LL17 33 M R R-I 14 28 5 42 8.05 Crushed leg 
LL18 41 F R L-I 12 35 5 41 6.91 Knee surgery 
M (SD) 44.50 
(10.04) 












Duration = months since CRPS diagnosis. SF-MPQ-2 = Short-form McGill Pain Questionnaire [18], 
total score. CRPS BPD = Bath CRPS Body Perception Distortion scale [33]. CRPSsev = CRPS Severity 
Score [26] (/16). a = symptoms may have been present since she had polio as a child. noS = no other 






The protocol (see Fig. 1) was similar to that for our previous work examining the effect of 
experimentally induced pain on updating of bodily and spatial representations [115]. All participants 
provided informed written consent prior to undergoing a clinical assessment and completing self-
report questionnaires. They then completed hand temperature recordings and TDJs before and after 
interacting with tools (see Fig. 2). Broadly speaking, interactive tool-use consisted of two tasks, 
further detailed below: the CCT and a beanbag sorting task. Participants were debriefed and given 
the opportunity to ask questions at the end of the study.  
 
*** Fig. 1 *** 
 
2.3.1 Clinical assessment and self-report questionnaires 
We conducted a clinical assessment of CRPS symptoms on the affected limb and contralateral non-
affected limb. For control participants, we examined either their upper limbs or lower limbs, 
depending on where the patient that they were matched to had CRPS. When possible, we examined 
the same location as the person with CRPS. However, if the control participant was tested prior to 
the person with CRPS (n = 11), or control participants were uncomfortable with using the CRPS-
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affected location for the person they were matched with (e.g. near the groin; n = 2), we used the 
wrist or ankle as a proxy location. We visually assessed swelling, colour differences, and/or changes 
in hair and nail growth, and took photos of the most painful site and wrists/ankles in case there was 
any need for later verification/clarification of any of the clinical features. We used the figure of eight 
method to measure the swelling of ankles [82,105] or wrists [79]. We used a goniometer to quantify 
inversion, eversion, flexion, and extension of the ankle; or radial, ulnar, flexion, and extension of the 
wrist. We used a handheld infrared thermometer with an 8:1 distance to spot size ratio to measure 
the temperature of participants’ most painful site and equivalent location on the contralateral limb, 
as well as their hands (dorsal and palmar surface of the thenar muscle), or ankles (flexor digitorum 
brevis). Seven pinprick stimulators (MRC Systems GmbH, Germany), ranging from 8 mN to 512 mN in 
force, were used to measure Mechanical Pain Threshold. Mechanical Detection Threshold was 
measured using 20 Von Frey Filaments (BioSeb, France), ranging from 0.008 g to 300 g in force. An 
Exacta™ two-point discriminator (North Coast Medical, USA) with pairs of rounded tips ranging from 
distances of 2 mm to 20 mm apart was used to assess Two Point Discrimination Threshold. Allodynia 
was assessed using a paintbrush, cotton buds, and cotton wool. We assessed Mechanical Detection 
Threshold, Mechanical Pain Threshold, and allodynia following the procedure of the German 
Research Network on Neuropathic Pain [89]. We assessed Two Point Discrimination Threshold on 
participants’ middle finger pads. For the descriptive statistics, we expressed Mechanical Detection 
Threshold, Mechanical Pain Threshold, allodynia, and Two Point Discrimination Threshold as the 
difference between the two testing locations (i.e. affected/non-dominant, non-affected/dominant), 
by subtracting the scores from the non-affected side from the CRPS-affected side [89]. 
 
For all but eight participants with upper limb CRPS, the clinical assessment was performed at the 
beginning of the research session. For the other eight participants, the clinical assessment was 
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conducted in conjunction with a different study [33] in which they participated on the same day or 
within the 24 hours preceding the current study. 
 
Following the clinical assessment, participants completed self-reported questionnaires. We used the 
Edinburgh Handedness Inventory (EHI [77]) to quantify hand dominance. EHI scores range from -100 
to 100, which reflect extreme left or right handedness, respectively. To characterise body 
perception, we used the Bath CRPS Body Perception Disturbance (BPD) scale [49]. The BPD has items 
about awareness of, attention to, emotional valance of, and desire to amputate the affected area, 
with higher scores suggesting a greater distortion in body perception (range 0 - 57). We used the 
Short-Form McGill Pain Questionnaire-2 (SF-MPQ-2) to assesses mean intensity of 22 pain 
descriptors [25]. A higher score on the SF-MPQ-2 indicates worse pain (range 0 - 10).  
 
Because some changes in the perception of bodily and peripersonal space appear to resemble 
spatial attention deficits shown by patients with hemispatial neglect following stroke [47], 
participants were screened for visual, tactile, and motor neglect and/or extinction using 
confrontation tests (see supplemental digital content). We used unilateral or bilateral finger 
movements, light taps of the knee(s), or movements of the arm(s), to test visual, tactile, and motor 
domains, respectively. Tactile and motor neglect and/or extinction was examined with the 
participant’s eyes open, and eyes closed. Any omissions on the confrontation tests were recorded.  
 
2.3.2 Hand temperature recordings 
We sought to replicate spatially defined hand temperature modulations (i.e., a reduction in hand 
temperature asymmetries for crossed, compared to uncrossed hands) that have previously been 
reported for people with upper limb CRPS [74]. Our main interest in replicating this effect was that 
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we wanted to explore whether active tool-use could result in hand temperature modulations that 
were dependent on the position of the tools, not just the hands. That is, we aimed to explore 
whether crossing the tools after active tool use (and after bodily and spatial representations were 
updated) would result in similar spatially defined hand temperature modulations as crossing the 
hands. Such a finding would further support the notion that spatially defined modulation of hand 
temperature is dependent on the represented rather than actual location of the limbs [73]. 
Participants completed three sets of temperature recordings: two prior to tool-use, and one post 
tool-use. For all temperature recordings, participants were seated at a table with their head resting 
on a chin rest. Wireless thermometers (DS1992L Thermochron iButton®, Maxim Integrated, San 
Jose, USA) were secured to a central point on the dorsal surface of each hand (CRPS-affected 
side/non-dominant, non-affected side/dominant) using microporous tape. The thermometers have 
been validated for skin temperature measurement [101,113]. They have also been used previously 
for similar research [14], and have comparable thermal resolution (0.0625˚C) to the thermal 
measures used to demonstrate spatially defined hand temperature modulations in CRPS [73,74]. The 
thermometers were programmed in OneWireViewer (version 0.3.19.47, Maxim Integrated, San Jose, 
USA). The flat, circular surface of the thermometers in contact with participants’ skin had a diameter 
of 16 mm. 
 
We made adjustments to the seating arrangement to accommodate people with CRPS when needed 
(e.g. using cushions, and/or keyboard wrist rests). During the temperature recordings, participant 
gave pain ratings every minute (8 per Arrangement, per Set), and were engaged in light conversation 
with the experimenter. The experimenter also monitored any hand movements via a computer feed 
from a camera placed in front of participants’ hands, and he reminded participants to keep their 





Across the entire study, hand temperature was recorded three times corresponding to three Effector 
Conditions [hands, t1 tools (pre tool-use), t2 tools (post tool-use)], each Condition consisting of two 
Arrangements (crossed, uncrossed), see supplemental digital content). for a full description of the 
procedure.  
[74] 
Each hand Arrangement began with a two-minute rest period, after which we recorded the 
temperature from each thermometer every 12 seconds (i.e. 0.08 Hz) for seven minutes, resulting in 
36 temperature recordings for each hand in each Arrangement. We expected to see smaller hand 
temperature asymmetries for crossed compared to uncrossed hands for people with upper limb 
CRPS. We did not expect to see any spatially defined modulations of hand temperature asymmetries 
in the other two Groups (lower limb CRPS, controls).  
 
Once the temperature recordings for the two hand Arrangements were completed, we repeated the 
same procedure while manipulating the Arrangements (crossed, uncrossed) of the tools instead of 
the hands (i.e. the t1 tools [pre tool-use] Condition]). Participants gripped tools that were in a 
crossed or an uncrossed Arrangement (order counterbalanced). Participants hands remained 
uncrossed (i.e. they did not cross the body midline) during both Tool Arrangement conditions. In the 
crossed Arrangement, only the tools crossed into the opposite side of space (e.g. the distal end of 
the left tool extending into the right side of space, and vice versa). The tools were propped up during 
the temperature recordings so that participants did not have to exert any effort keep the tools in 
position. The experimenter moved the tools between the two Arrangements so that the participant 
was not required to actively use the tools. We repeated the temperature recordings for the two tool 
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Arrangements at the end of the study (i.e. t2 tools [post tool-use] Condition). See the supplemental 
digital content for more details. 
 
2.3.3 Tactile Distance Judgements  
TDJs have been used to characterise changes in body representations following active tool-use (e.g. 
[7,17,66,67]). Participants made two Sets of TDJs for each Side of Body (affected/non-dominant, 
non-affected/dominant): once immediately before and once after active tool-use. TDJ tasks in 
previous studies typically use eight or more repetitions of each distance [67], however we used an 
adapted version with only one repetition of each distance. We did this because we were concerned 
that repeated tactile stimulation near to, or on the affected area would cause pain in people with 
upper limb CRPS, and potentially trigger a pain flare that would interfere with both their TDJs and 
their performance on the other study tasks. We also wished to keep the task as brief as possible 
because we were interested in comparing the judgements for the two arms, hence we needed to 
make this task quick enough to capture any potentially short-lived effects of tool-use [27]. In a 
previous study [115] we were able to detect tool-use dependent changes in TDJs using this shorter 
version of the TDJ task. We used the same materials, and procedure for the TDJs as for our previous 
study [115]. Two flat-ended circular rods (1 mm diameter) were attached to a bow compass to 
enable the experimenter to accurately adjust the distance between the two points. We administered 
the TDJs by applying the flat-ended circular rods to the radial side of participants’ forearms (i.e. 
proximal-distally) while participants gripped the tools. The distance between the two rods was 4, 6, 
or 8 cm. In each Set of TDJs, we applied each distance once in a randomised counterbalanced order. 
We blocked participants’ vision of their stimulated arm with a cardboard box. Participants gave 
estimates of the perceived distance between the two felt points using a diagram with 22 lines of 
different lengths (0.5 cm to 11.5 cm, with 0.5 cm increments). We used the same diagram for all TDJ 
estimates. In each Set, the TDJs were completed on both arms in a counterbalanced order. We 
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expected that control participants would show a decrease in felt distance between two points, from 
pre to post tool-use, to indicate updating of body representation and a perceived reduction in arm 
length. We expected this effect to be smaller or absent in people with CRPS, which would indicate 
problems with updating.  
 
2.3.4 Tool-use: Crossmodal Congruency and Beanbag Sorting Tasks 
The Crossmodal Congruency task (CCT) was conducted with an adapted version of the materials and 
procedures used by Maravita and his colleagues [60]. This task introduces a conflict between visual 
and tactile information. The magnitude of this interference effect is thought to reflect perceptual, 
attentional, and response-related factors [61,62]. The CCT has been widely used to measure changes 
in peripersonal space that arise from active tool-use [52,63], inferred from changes in interference 
patterns (although see Holmes [41] for an alternative interpretation). There were four Sets of the 
CCT across the entire session: passive, active 1, active 2, and active 3. In the active Sets, participants 
responded to vibrotactile stimuli originating from the handles of tools in the presence of visual 
distractors originating from the ends of the tools, crossing and uncrossing the tools every four trials. 
The passive Set was similar, but instead of the participants moving the tools, the experimenter 
moved the tools from the crossed to uncrossed Arrangement (or vice versa) half-way through the 
Set. The materials that we used for the CCT were from our previous study examining the effect of 
experimentally induced arm pain on updating of spatial and bodily representations in pain-free 
controls [115]. We used two aluminium tools that resembled golf clubs (75cm long, Fig. 2), with two 
red Light Emitting Diodes (LEDs) embedded in the ‘blade’ at the distal end of each tool. The handle 
of each tool was embedded with two electromagnetic solenoid-type stimulators (Tactor Minature 
Stimulators, Dancer Design, United Kingdom). A 4-channel amplifier (TactAmp 4.2, Dancer Design, 
United Kingdom) operated by Matlab 2014b (MathWorks) controlled the LEDs and the vibrotactile 
stimulators. Each tool had one LED and one vibrotactile stimulator positioned above the central axis 
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of the tool, and one LED and one vibrotactile stimulator below it. Each tool had a wooden peg 
attached vertically in the ‘blade’. To ensure that the distal ends of the tools always returned to the 
same position (e.g. after each time the tools were crossed or uncrossed), these pegs slotted into 
holes in a wooden board (80 x 100 cm). The slots were 15 cm from the distal end of the board, and 
15 cm left or right of the central axis of the board. Near the proximal ends of the tools there were 
gel wrist rests, which allowed participants to rest their hands whilst they held the tools.  
 
Fig. 2 Tools used for the Crossmodal Congruency and Beanbag Sorting Tasks. The tools are depicted 
in their uncrossed (a, d, e), and crossed (b, f, g) Arrangements. The close-up of the distal end of a 
tool (c) shows the location of two red Light Emitting Diodes (LEDs) embedded in the ‘blades’ of the 
tools, which also had a vertical peg attached (white oval) that slotted into holes in the wooden 
board. The pegs ensured the positions of the distal ends of the tools were consistent for crossed and 
uncrossed trials. The blue lines midway along the tools’ shaft indicated the location at which the 
tools should be crossed (b). Vibrotactile stimulators were embedded in the handles of the tools, 
indicated by yellow triangles (b), and illustrated by stars (d, e, f, g, h). A fixation light (off-white LED) 
was positioned mid-way between the ends of the tools, illustrated by red dots (d, e f, g, h), in line 
with the participant’s sagittal plane. A webcam (a, b) was placed beyond the distal ends of the tools, 
also aligned with participant’s sagittal plane. The fixation light, and webcam are highlighted with a 
white dotted circle (a). Visual targets were presented in the same (d, f), or opposite (e, g) Visual Field 
relative to vibrotactile targets (e.g. L + L, and L + R, respectively [h]). The vertical arrangement of 
visual targets (i.e. Congruence) was either congruent (e.g. lower + lower [h]; d, e, f, g), or 
incongruent (e.g. lower + upper [h]). Hence, there were four possible visual, and vibrotactile 
stimulus locations (h), for each tool, which were repeated for each of the Tool Arrangements 
(uncrossed, crossed), giving a total of 32 possible combinations. Participants completed all possible 
combinations of Tool Arrangement, Visual Field, and Congruence in a random order every 32 trials, 
three times per Set (passive, active 1, active 2, active 3), resulting in 96 trials per Set, and a total of 




During the CCT participants wore headphones that played white noise to mask the sound of the 
vibrotactile stimulators. They also rested their head on a chin rest to ensure a consistent head 
position. During the CCT, participants fixated on an off-white LED located at the same distance from 
the participant as the ends of the two tools, equally far from both tools and in line with participants’ 
sagittal planes. The experimenter was seated behind participants and monitored their gaze on a 
computer feed delivered from a camera positioned 20 cm behind the end of the board, aligned with 
the chinrest and fixation LED. A second webcam was positioned directly below the first one and was 
angled such that participants’ movement could be recorded during the CCT for offline evaluation of 
movement quality.  
 
Each trial consisted of three 50 ms bursts of vibrotactile stimulation delivered to the thumb (“upper” 
location) or middle finger (“lower” location) of the left or right hand, separated by 50 ms. We 
decided to use this arrangement to be consistent with Maravita and colleagues’ [60] study, although 
tactile processing may be more efficient when assuming a ‘standard posture’ of the body (i.e. fingers 
and thumbs in an upper and lower position, respectively [90,91]). Our arrangement was intended to 
make it easier for participants to grasp and manoeuvre the tools, whilst ensuring the dynamic touch 
needed for tool-integration [10,87]. However, two participants with upper limb CRPS were unable to 
reach the vibrotactile stimulators with the middle finger of their affected side. Instead, one used the 
ring finger and the other her little finger. For each trial there were also three 50 ms flashes 
(“distractors”) from the red LEDs at the ends of the tools. To maximise crossmodal interference the 
distractors preceded each vibrotactile stimulation by 30 ms [102]. Participants were required to 
indicate the location of the vibrotactile stimulation as quickly and accurately as possible, while 
ignoring the visual distractors. Participants’ responses were collected with two triple switch foot 
pedals (Scythe, USA) with custom software. If participants’ responses were incorrect or had latencies 
greater than 3000 ms, all four LEDs flashed three times. Prior to starting the CCT, participants 
26 
 
completed a practice set of 16 trials without moving the tools and in the uncrossed Arrangement. 
This practice set was designed to enable the participants to become accustomed to the task and its 
response format, and was repeated until the participant responded correctly on >80% of trials.  
 
Participants with upper-limb CRPS and their matched controls were asked to indicate the location of 
the vibrotactile stimulus using four-alternate forced-choice responses - left “upper” (thumb), left 
“lower” (finger), right “upper” (thumb), or right “lower” (finger) – by depressing the pedal under 
their left toe, left heel, right toe, or right heel, respectively. This protocol was altered from the CCT 
of Maravita and his colleagues [60], which used a two-alternate forced-choice response format (i.e. 
upper or lower, independent of body side). We added left/right judgements for people with upper-
limb CRPS and their matched controls to enable us to examine for any arm-specific effects (e.g. any 
differences between responses for stimuli applied to the CRPS-affected/non-dominant versus non-
affected/dominant arm). This was also the response format we used in a previous study [115]. Pain 
and other CRPS symptoms prevented people with lower limb CRPS from using their affected limb to 
make foot pedal responses. Therefore, people with lower limb CRPS and their matched controls 
were asked to indicate the location of the vibrotactile stimulus using only two-alternate forced 
choice responses – “upper” (thumb) or “lower” (finger) – by depressing the pedal under the toe or 
heel of their non-affected foot, regardless of which hand (left or right) the stimulus had been 
presented to. The lower limb controls used the foot corresponding to that of the non-affected side 
of the person to whom they were matched. 
 
The tools were Arranged in both crossed and uncrossed Arrangements during each Set of the CCT 
(passive, active 1, active 2, and active 3). The experimenter changed the Arrangement of the tools 
half-way through the first Set (passive), while participants kept hold of the handles. Thus, this Set did 
not involve any active tool-use by the participant. The order of the Tool Arrangements (crossed, 
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uncrossed) was counterbalanced in this Set. For the three active Sets of the CCT, participants had to 
manoeuvre the tools to position them in the crossed or uncrossed position, alternating between the 
two Tool Arrangements every four trials. Participants were signalled to change the Tool 
Arrangement by all four LEDs illuminating. To maintain a consistent Arrangement of the tools across 
trials in the crossed condition, each tool was marked with a 5 cm wide blue band of tape, 30 cm 
from the ‘blade’ of the tool (i.e. the distal end), to indicate the locations at which participants should 
cross the tools (see Fig. 2). 
 
Conventionally, updating of spatial representations is inferred from the CCT by comparing the effect 
of visual distractors on the speed and accuracy of detecting vibrotactile stimulation depending on 
the Tool Arrangement (crossed, uncrossed), the Visual field (same, opposite) in which the distractor 
was presented relative to the target, and the Congruence (congruent, incongruent) of the vertical 
elevation of the distractor relative to the target (e.g. both upper/lower, or one upper and one 
lower). Normal updating of peripersonal space representations [60] is considered to be indicated by 
1) greater interference (i.e. longer RTs and/or higher error rates) from incongruent distractors in the 
same Visual Field as vibrotactile targets, compared to the opposite Visual Field, when the tools are 
uncrossed; and 2) greater interference from incongruent distractors when the distractors appear in 
the opposite Visual Field than the same Visual Field when the tools are crossed (because distractors 
in the opposite Visual Field appeared on the same tool as the vibrotactile targets). This combined 
pattern is taken to indicate that peripersonal space representations have been updated to 
incorporate the distal ends of the tools [59,62], although see [41] for an alternative interpretation. 
We expected the above pattern to be less pronounced in people with CRPS compared to controls, 
reflecting problems with updating of peripersonal space. Because these effects should develop as a 
function of active tool-use, we also considered how these effects developed over time by comparing 




The changes in performance on the CCT are thought to depend on the active use of the tools. In the 
experiment of Maravita and his colleagues [60], having participants actively move the tools between 
the crossed and the uncrossed Arrangement was sufficient to generate such effects. Following pilot 
testing, we decided to incorporate a beanbag sorting task between each of the active Sets of the CCT 
(see Fig. 1) to amplify the desired effect (e.g. by increasing dynamic touch [10,87]). Thus, participants 
completed the beanbag sorting task twice: once between the first and second active CCT Set, and 
once between the second and third active CCT Set. See the supplemental digital content for more 
details about the beanbag sorting task. [26,28,57] 
 
2.3.5 Pain ratings  
In addition to the pain ratings that they gave during the temperature recordings, participants 
provided 12 pain ratings across all the sets of TDJs and sets of the CCT (see Fig. 1) so that their pain 
levels could be monitored during the experiment. Pain ratings were recorded before each Set of 
TDJs, before each tool Arrangement in the first (“passive”) Set of the CCT, and before and after each 
subsequent “active” set of the CCT.  
 
2.3.6 Duration 
The entire session lasted approximately 4 hours for people with CRPS, and 3 hours for the matched 
controls. One person with upper limb CRPS was unable to complete the second beanbag sorting task 
and the final CCT Set due to a pain flare, but she was able to complete all the temperature 
recordings. Another person with upper limb CRPS could not undertake the temperature recordings, 
as her affected hand was covered by a lidocaine patch, but was able to complete the CCT and TDJs. 
Therefore, the final sample for each task comprised 36 people with CRPS: 18 people with upper limb 
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CRPS, and 18 people with lower limb CRPS (see Tables 1 and 2 for clinical and demographic details). 
One person with lower limb CRPS had to split the session over two consecutive days due to pain and 
time constraints. One control participant’s session was split over two days due to a power failure in 
the laboratory. For both participants who completed the study over two days, the first session 
ended after recording the temperature of their hands in a crossed or uncrossed position (i.e. prior to 
the temperature recordings with tools and any TJDs or active tool-use tasks). Temperature 
recordings from two control participants were excluded; one because they experienced a headache 
during the temperature recordings, which resolved for later parts of the study (M pain during the 
TDJs and CCT < 1/10), and one because they fell asleep repeatedly during the temperature 
recordings. Both of these control participants’ data were included for the CCT and TDJs, which were 
unaffected by headache or sleepiness. A follow-up analysis of the data from these tasks excluding 
the data from these participants did not substantially change the results. The final sample for the 
temperature recording was comprised of 18 people with upper limb CRPS, 18 people with lower limb 
CRPS, and 34 pain-free control participants.  
 
2.4 Analysis plan  
2.4.1 Preliminary analyses  
We considered that motor impairments for people with upper limb CRPS might make it difficult to 
use tools, and therefore that any difficulties with updating bodily and spatial representation might 
be obscured by an individual’s motor abilities. Therefore, we had a research assistant who was blind 
to the hypotheses of the study rate video recordings of participants’ movement during the CCT and 
the beanbag sorting tasks. The research assistant gave a score from 1 (worst imaginable) to 10 (best 
imaginable) for the quality of the movement for each of the four recordings of each participant (i.e. 
CCT set 2 & set 4, beanbag sorting tasks 1 & 2). A mean score was calculated from the four ratings 
for each participant, which we compared with a one-way ANOVA with Group (upper limb CRPS, 
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lower limb CRPS, control) as an independent variable. The research assistant was also asked to 
identify individuals who she suspected as having CRPS, and if so, which was the CRPS-affected limb 
(i.e. left or right upper or lower limb).  
 
2.4.2 Tactile distance judgements analysis  
For participants’ TDJs, we calculated a mean distance estimate for each Set (pre tool-use, post tool-
use), and Side of Body (affected/non-dominant, non-affected/dominant). The TDJ distance estimates 
were analysed using a 2x2x2 ANOVA with Group (upper limb CRPS, lower limb CRPS, controls) as a 
between groups factor. 
 
2.4.3 Crossmodal congruency task analysis 
For the CCT, we performed separate ANOVAs for the upper limb and lower limb groups due to the 
differences in response format. To add clarity we used crossmodal interference as the main 
dependent variable reported for the CCT. We calculated the median RTs and percentage of errors 
within each level of each condition, after excluding trials with RTs < 200 ms or > 3000 ms (1.08 % of 
all trials). The median RTs were calculated from trials with correct responses only. We calculated the 
crossmodal interference by subtracting RTs and error rates for congruent trials (i.e. where the visual 
distractors were vertically congruent with vibrotactile targets) from those for incongruent trials. The 
independent variables were Group (CRPS, controls), Set (passive, active 1, active 2, active 3), Tool 
Arrangement (crossed, uncrossed), and the Visual Field (same, opposite) that visual distractors 
appeared in relative to vibrotactile targets. For the upper limb CRPS group we also included the Side 
of Body (affected/non-dominant, non-affected/dominant) that received vibrotactile stimulation as 




We were primarily interested in interactions that involved Tool Arrangement and Visual Field for the 
CCT. Therefore, we do not report or elaborate on interactions that do not included Tool 
Arrangement and Visual Field because these are not of theoretical interest for our study. We also 
followed-up the interaction of Tool Arrangement and Visual field within each Group (upper or lower 
limb CRPS and their matched controls) on an a priori basis, because this interaction is most relevant 
for revealing tool-use dependent changes. In the study by Maravita and his colleagues [52], changes 
in performance on the CCT due to active tool-use were only seen for RTs. Therefore, we only report 
CCT results derived from RTs (i.e. crossmodal interference) in the main article, although we report 
the analyses of accuracy on the CCT in the supplemental digital content).  
 
2.4.4 Hand temperature analysis  
An average hand temperature was calculated from the 36 iButton recordings for each hand, 
Arrangement, and effector Condition. Because CRPS symptoms can manifest as the affected limb 
being physically warmer or cooler than the non-affected limb [36], we analysed absolute 
temperature asymmetries between the hands of the affected and the non-affected side of the body.  
 
The absolute hand temperature asymmetries were analysed with two separate ANOVAs. First, we 
conducted a 3x2 ANOVA for the ‘hands only’ Effector Condition, with Group (upper limb CRPS, lower 
limb CRPS, controls), and Arrangement (crossed, uncrossed) as independent variables. We followed-
up this analysis with t-tests to compare the absolute hand temperature asymmetries for the crossed 
and uncrossed Arrangements in the hands only Effector Condition, within each Group. A difference 
in absolute hand temperature asymmetry between the crossed and uncrossed Arrangement for 
people with upper limb CRPS would indicate a spatially defined modulation of CRPS symptoms 
similar to that reported previously [73,74]. Second, to explore the effect of tool-use on spatially 
defined hand temperature modulations we conducted a 3x2x2 ANOVA, with Group (upper limb 
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CRPS, lower limb CRPS, controls), Effector Condition (t1 tools, t2 tools), and Arrangement (crossed, 
uncrossed) as independent variables. We followed-up this analysis with separate 2x2 ANOVAs 
comparing absolute hand temperature asymmetries across Effector Condition (t1 tools, t2 tools) and 
tool Arrangements (crossed, uncrossed) within each Group. 
 
2.4.5 Inference criteria  
We considered a p-value < .05 as statistically significant. For all ANOVAs, Greenhouse-Geisser 
corrections were used when sphericity was not satisfied. We used Holm-Bonferroni corrections [40] 
for follow-up t-tests, which is more powerful than the original Bonferroni correction [1]. The 




3.1 Sensory Testing  
We found signs of hypoesthesia, hyperalgesia, allodynia, and more precise tactile discrimination 
ability on the affected limb, for people with upper limb, and lower limb CRPS (see supplemental 
digital content). 
 
There was no evidence of neglect or extinction from the confrontation testing for controls, or for 





3.2 Quality of movement 
From the videos of participants’ movements during tool-use, the research assistant correctly 
identified 35.3% of the people with upper limb CRPS as having an upper limb affected. They did not 
correctly identify any people with lower limb CRPS from their arm movements. There was a 
significant Group difference in the research assistant’s ratings of participants’ quality of movement 
during the CCT and beanbag sorting task, F(2, 58) = 10.40, p < .001, ƞ2p = .26. This was driven by 
people with upper limb CRPS (M = 6.50, SD = 1.20) being rated as having lower quality of movements 
than controls (M = 7.71, SD = 0.68), t(46) = 3.84, padjusted = .012, d = 1.13. There were no other 
differences in rated movement quality that were significant after correcting for multiple 
comparisons, ts(42) ≤ 1.35, psadjusted ≥ .070, ds ≤ 0.84. These results suggest that people with upper 
limb CRPS had more difficulties with performing the tool-use tasks than the other two groups. 
 
3.3 Tactile distance judgements  
Participants were able tell the differences between the three Distances (small, medium, large) used 
for the TDJs, F(2, 67) = 81.76, p < .001, ƞ2p = .71. The small (M = 7.09, SD = 4.07) distance was rated 
as significantly shorter than the medium (M = 10.41, SD = 4.47), t(70) = 9.44, padjusted = .003, d = 2.26, 
and large (M = 13.10, SD = 4.46) distances, t(70) = 13.39, padjusted = .003, d = 3.20. The medium 
distance was also rated as shorter than the large distance, t(70) = 10.19, padjusted = .003, d = 2.44. 
There was no significant interaction between Group and Distance, F(4, 136) = 0.75, p = .561, ƞ2p = 
.02. These results suggest that participants were able to detect the difference between the three 
Distances, and that this performance did not significantly differ between Groups.  
 
The typical pattern taken to indicate that the body representation has been updated to 
accommodate the tools is a decrease in TDJs following active tool-use, which would be indicated by 
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a main effect of Set. We did not observe this effect, nor any other main effects on TDJs when all 
groups were considered together, Fs(1, 68) ≤ 1.71, ps ≥ .196, ƞ2p ≤ .03. There was, however, a 3-way 
interaction between Group, Set, and Side of Body on TDJs, F(2, 69) = 4.37, p = .016, ƞ2p = .11 (Fig. 3). 
We followed-up this interaction with three two-way ANOVAs split by Group (i.e. controls, upper limb 
CRPS, and lower limb CRPS). 
 
 
Fig. 3 Results for the Tactile Distance Judgement (TDJ) task. The perceived distance between 
two points placed on participants’ forearms (TDJs) are depicted, split by Group (upper limb 
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CRPS [n = 18], lower limb CRPS [n = 18], controls [n = 35]), Side of Body (affected/non-
dominant [in green], non-affected/dominant [in blue]), and Set (pre, post). TDJs are 
measured by participants indicating a value on a diagram with 22 lines of different lengths 
(0.5 cm to 11.5 cm, with 0.5 cm increments). Individual participant’s TDJs were taken as the 
mean indicated values for the three tested distances (4 cm, 6 cm, 8 cm) in cm. Group 





 percentile. Individual data points are depicted by circles. *** padjusted < .001. 
 
 
The follow-up analysis suggested that control participants did not update their body representation 
to facilitate tool-use, as there were no main effects or interactions for the analysis of control 
participants’ TDJs, Fs(1, 34) ≤ 0.40, ps ≥ .534, ƞ2p ≤ .01 (see supplemental digital content for full 
breakdown). In contrast, there was an interaction between Set and Side of Body for people with 
upper limb CRPS, F(1, 17) = 22.37, p < .001, ƞ2p = .57. There was no significant difference in TDJs for 
the affected (M = 9.28, SD = 4.17) compared to non-affected (M = 10.20, SD = 3.61) Side of Body pre 
tool-use, t(17) = 1.36, padjusted = .196, d = 0.66. However, post tool-use the TDJs were significantly 
smaller for the non-affected Side of Body (M = 8.48, SD = 3.42) than the affected Side of Body (M = 
11.19, SD = 3.87), t(17) = 4.62, padjusted = .004, d = 2.24. Although the direct comparisons of pre vs 
post tool-use TDJs within each Side of Body were not significant after correcting for multiple 
comparisons, ts(17) ≤ 2.47, psadjusted ≥ .084, ds ≤ 1.20, the observed pattern suggests that people with 
upper limb CRPS tended to update their body representation in the expected direction (i.e. a 
perceived lengthening) for their non-affected hand, and simultaneously in the opposite direction 
(i.e. a perceived shortening) for their affected hand.  
 
For people with lower limb CRPS, the pattern of TDJs observed is qualitatively similar to that seen for 
people with upper limb CRPS (Fig. 3). That is, there was a numerical decrease in TDJs from pre to 
post tool-use for the arm on the non-affected side of the body (from M = 10.98, SD = 5.09; to M = 
9.65, SD = 4.23), and a numerical increase in TDJs for the arm on the affected side of the body (from 
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M = 10.63, SD = 4.90; to M = 10.98, SD = 5.02). However, the interaction between Set and Side of 
Body did not reach statistical significance for this Group, F(1, 17) = 3.23, p = .086, ƞ2p = .16.  
 
3.4 Crossmodal congruency task 
3.4.1 People with upper limb CRPS and their matched controls 
A main effect of Group showed that people with upper limb CRPS experienced greater overall 
crossmodal interference (M = 65.23 ms, SD = 37.59) than controls (M = 38.34 ms, SD = 33.47), F(1, 
34) = 5.14, p = .030, ƞ2p = .13. A main effect of Visual Field indicated that visual distractors appearing 
in the same Visual Field (M = 92.13 ms, SD = 62.88) as vibrotactile targets resulted in greater 
crossmodal interference than those appearing in the opposite Visual Field (M = 11.44 ms, SD = 
53.64), F(1, 34) = 28.56, p < .001, ƞ2p = .46. There were no other main effects on crossmodal 
interference for the analysis of upper limb patients and their matched controls, Fs(1, 34) ≤ 1.31, ps ≥ 
.260, ƞ2p ≤ .10. 
 
The critical interaction for indicating updating of peripersonal space was significant. That is, there 
was a significant interaction between Tool Arrangement and Visual Field, F(1, 34) = 5.48, p = .025, ƞ2p 
= .14. There were no significant interactions involving Group, Tool Arrangement, and Visual field on 
crossmodal interference, Fs(1, 32) ≤ 1.22, ps ≥ .277, ƞ2p ≤ .09. However, we analysed the Tool 
Arrangement by Visual Field interactions split by Group on an a priori basis (Fig. 4). There was no 
significant Tool Arrangement by Visual Field interaction for control participants, F(1, 17) = 0.90, p = 
.357, ƞ2p = .05. In contrast, there was a significant two-way interaction between Tool Arrangement 
and Visual Field for people with upper limb CRPS, F(1, 17) = 5.18, p = .036, ƞ2p = .23. The pattern of 
differences between conditions was consistent with an updating of peripersonal space 
representations. Specifically, there was significantly greater crossmodal interference for visual 
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distractors appearing in the same (M = 119.18 ms, SD = 88.24) compared to opposite (M = -4.06 ms, 
SD = 54.55) Visual Field, for uncrossed tools, t(17) = 6.54, padjusted = .004, d = 3.1. No other contrasts 
were significant after correcting for multiple comparisons, ts(17) ≤ 2.17, psadjusted ≥ .231, ds ≤ 1.05. 
The overall pattern of crossmodal interference shown by the people with upper limb CRPS is 
consistent with updating of peripersonal space representations, as there is only a significant effect of 
Visual Field on crossmodal interference when the distractors in the same visual field appear on the 
same tool as vibrotactile targets (i.e. for uncrossed tools). When the tools are crossed, and so the 
distractors in the same Visual Field appear on the opposite tool, these distractors no longer 
significantly interfere with the processing of the vibrotactile target. This pattern of crossmodal 
interference is consistent with updating of peripersonal space representations, as it shows space-
based and object-based effects that would not be expected without the presence of tools. Our 
findings therefore suggest that people with upper limb CRPS updated their peripersonal space 
representations, but we did not find any evidence that their matched controls did so. There were no 






Fig. 4 Crossmodal interference in ms on the Crossmodal Congruency Task (CCT) for people 
with upper limb CRPS (n = 18) and their matched controls (n = 18). Data are split by Tool 
Arrangement (uncrossed [U], crossed [C]) and Visual Field (same [S; in green], opposite [O; in 
blue]). We calculated crossmodal interference by subtracting reaction times for congruent 
trials from those for incongruent trials. Medians are depicted by the central lines, and box 




 percentile. The whiskers extend 1.5 times the interquartile 
range from the box limits. Individual data points are depicted by circles. ** padjusted < .01 
 
 
3.4.2 People with lower limb CRPS and their matched controls 
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In the lower limb group, a main effect of Group showed that people with lower limb CRPS 
experienced greater overall crossmodal interference (M = 110.01 ms, SD = 60.63) than controls (M = 
67.89 ms, SD = 41.07), F(1, 34) = 5.96, p = .020, ƞ2p = .15. There were no other significant main effects 
on crossmodal interference for the lower limb group, Fs(1, 34) ≤ 2.13, ps ≥ .201, ƞ2p ≤ .08. 
 
The critical interaction for indicating updating of peripersonal space was significant, as there was an 
interaction between Tool Arrangement and Visual Field on crossmodal interference, F(1, 34) = 8.80, 
p = .005, ƞ2p = .21. There were no significant interactions involving Group, Tool Arrangement, and 
Visual Field, Fs(1, 32) ≤ 3.81, ps ≥ .083, ƞ2p ≤ .09. However, we analysed the Tool Arrangement by 
Visual Field interaction split by Group on an a priori basis (Fig. 5). Our findings were similar to those 
from the upper limb group, in that people with lower limb CRPS showed an interference pattern 
consistent with updating of peripersonal space representations, but their matched controls did not. 
There were no significant interactions involving Tool Arrangement and Visual Field on crossmodal 
interference for lower limb controls, Fs(1, 32) ≤ 0.81, ps ≥ .380, ƞ2p ≤ .16. For people with lower limb 
CRPS, the interaction between Tool Arrangement and Visual Field on crossmodal interference was 
significant, F(1, 17) = 9.93, p = .006, ƞ2p = .37. There was significantly greater crossmodal interference 
for uncrossed (M = 144.77 ms, SD = 89.43) compared to crossed (M = 83.09 ms, SD = 93.38) tools, for 
visual distractors appearing in the same Visual Field as the vibrotactile target, t(17) = 3.04, padjusted = 
.048, d = 1.47. None of the other contrasts were significant after corrections for multiple 
comparisons, ts(17) ≤ 2.91, psadjusted ≥ .072, ds ≤ 1.41. This suggests that visual distractors presented 
in the same Visual Field as the vibrotactile target interfered more only when they also appeared on 
the same tool as the vibrotactile target, which is consistent with updating of peripersonal space 
representations. Our results suggest that people with lower limb CRPS, but not their matched 
controls, updated their peripersonal space representations. There were no further interactions that 




*** Fig. 5 *** 
 
3.5 Hand temperature asymmetry 
3.5.1 Hands Effector Condition 
Previous research has demonstrated a spatially defined modulation of hand temperature in which 
hand temperature asymmetry normalised when the hands were crossed [74]. The analysis of hand 
temperature asymmetry from the first Effector Condition (i.e. hands) revealed a main effect of 
Group, F(2, 67) = 7.15, p = .002, ƞ2p = .18. This effect was driven by people with upper limb CRPS (M = 
1.12 ˚C, SD = 0.70) having greater absolute hand temperature asymmetries than both controls (M = 
0.57 ˚C, SD = 0.51), t(45) = 2.96, padjusted = .027, d = 0.88, and people with lower limb CRPS (M = 0.58 
˚C, SD = 0.41), t(34) = 2.75, padjusted = .032, d = 0.94. There was no significant difference between 
absolute hand temperature asymmetries of people with lower limb CRPS compared to controls, t(45) 
= 0.07, padjusted = .995, d = 0.02. There was no significant main effect of Arrangement, and no 
significant interaction of Group and Arrangement on hand temperature asymmetries from the hands 
only Condition, Fs(2, 67) ≤ 3.08, ps ≥ .084, ƞ2p ≤ .04. However, because the previous research 
showing spatially defined hand temperature modulations only examined people with upper limb 
CRPS [74], we followed-up the analyses of hand temperature from the hands only Condition, split by 
Group (upper limb CRPS, lower limb CRPS, controls; see Fig. 6).  
 
Fig. 5 Crossmodal interference in ms on the Crossmodal Congruency Task (CCT) for people 
with lower limb CRPS (n = 18) and their matched controls (n = 18). Data are split by Tool 
Arrangement (uncrossed [U], crossed [C]) and Visual Field (same [S; in green], opposite [O; in 
blue]). We calculated crossmodal interference by subtracting reaction times for congruent 








 percentile. The whiskers extend 1.5 times the interquartile 
range from the box limits. Individual data points are depicted by circles. * padjusted < .05. 
 
We did not find any evidence of spatially defined hand-temperate modulation in any groups. That is, 
there was no difference in absolute hand temperature asymmetries between crossed and uncrossed 
Arrangements for people with upper limb CRPS, t(17) = 0.37, padjusted = .336, d = 0.18, lower limb 
CRPS, t(17) = 1.40 , padjusted = .711, d = 0.68, or controls, t(28) = 1.63, padjusted = .327, d = 0.62. Bayesian 
t-tests, computed using JASP software [106], revealed moderate evidence [116] that hand 
Arrangement had no effect on absolute hand temperature asymmetry for people with upper limb 
CRPS, BF10 = 0.258, and found no evidence (i.e. anecdotal evidence [46]) of an effect of hand 
Arrangement on hand temperature for people with lower limb CRPS, BF10 = 0.558, and for controls 
BF10 = 0.766. We considered whether these null effects for people with upper limb CRPS were 
because, unlike in previous studies examining spatial modulation of hand temperature [73,74], we 
did not pre-select only patients whose affected hand was at least 1 ˚C cooler than their non-affected 
hand. However, follow-up analyses of the data from only those people with upper limb CRPS whose 
affected hand was ≥1 ˚C cooler than their non-affected hand (n = 8) produced qualitatively similar 
results, t(7) = 1.44, p = .194, d = 0.51, BF10 = 0.724. Overall, our findings suggest that CRPS symptoms 
(i.e. hand temperature asymmetry) were not modulated by the spatial location of the hands.  
 
3.5.2 Tools Effector Conditions  
Our main interest in examining spatial modulations of hand temperature asymmetries was to assess 
any effects that updating spatial representations might have on spatially defined hand temperature 
modulations. When all groups were considered together, there were no main effects of Group, 
Arrangement, or Effector Condition on hand temperature asymmetries measured in the tools 
conditions, Fs(1, 67) ≤ 2.86, ps ≥ .095, ƞ2p ≤ .04. There was, however, an interaction between Group 
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and Tool Arrangement, F(2, 67) = 3.45, p = .038, ƞ2p = .09. This effects was driven by greater hand 
temperature asymmetries for uncrossed (M = 0.66 ˚C, SD = 0.46) than crossed (M = 0.48 ˚C, SD = 
0.41) tools for people with lower limb CRPS, although it was no longer significant after correcting for 
multiple comparisons, t(17) = 2.54, padjusted = .072, d = 1.23. There were no significant effects of 
Arrangement on hand temperature asymmetries for people with upper limb CRPS, or controls, ts 
(17) ≤ 0.65, psadjusted = 1.000, ds ≥ 0.25. There were no other significant interactions, Fs(2, 67) ≤ 1.16, 
ps ≥ .321, ƞ2p ≤ .03. In particular, there was no interaction between Group, Effector Condition, and 
Tool Arrangement to indicate any change in spatially defined hand temperature modulations after 
tool-use, F(2, 67) = 1.16, p = .321, ƞ2p = .03. Therefore, when all groups were considered, we did not 
find any evidence that active tool-use influenced hand temperature asymmetries. This was further 
supported by follow-up analyses split by group. That is, we analysed mean hand temperatures whilst 
holding the tools, for the two Tool Arrangements (crossed, uncrossed), before and after active tool-
use (i.e. Effector Condition), split by Group (see supplemental digital content for descriptive 
statistics). There was no main effect of Tool Arrangement, nor were there any interactions involving 
Effector Condition or Tool Arrangement, on mean hand temperature asymmetry whilst holding tools 
for people with upper limb CRPS, Fs(1, 17) ≤ 1.40, ps ≥ .254, ƞ2p ≤ .08, for people with lower limb 
CRPS Fs(1, 17) ≤ 2.62, ps ≥ .124, ƞ2p ≤ .13, or for controls , Fs(1, 28) ≤ 2.10, ps ≥ .158, ƞ2p ≤ .07. We 
therefore found no evidence suggesting that updating of spatial representations influences any 





Fig. 6 Hand temperature asymmetries (absolute difference in temperature between hand of 
the affected and unaffected side of the body, in °C) for people with upper limb CRPS (n = 18), 
lower limb CRPS (n = 18), and controls (n = 34), split by hand Arrangement (uncrossed, 
crossed). Blue lines indicate individuals who showed a numerical decrease in absolute hand 
temperature asymmetry for crossed hands (i.e. the expected spatially defined reduction of 
CRPS symptoms for crossed hands (Moseley, Gallace et al. 2012, Moseley, Gallace et al. 
2013)), compared to uncrossed hands. Orange lines indicate individuals who showed a 
numerical increase in hand temperature asymmetry for crossed hands compared to 
uncrossed hands. The black lines show the median hand-temperature asymmetries. The 
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 percentile. Individual data points 
are depicted by circles.  
 
3.6 Exploratory analyses 
In addition to the exploratory analyses reported below, we explored the influence of sensory 
deafferentation, as measured by differences in mechanical detection threshold, and mechanical pain 
thresholds between the affected and unaffected limb, on the results from the TDJs, and CCT. These 
results did not show any clear evidence that sensory deafferentation influenced updating of bodily 
or spatial representations. We also ran additional analyses of our data from the TDJs, CCT, and hand 
temperature asymmetry using linear mixed models, which can better account for variability between 
individuals than repeated measures ANOVA. The results of these analyses were consistent with 
those of the main repeated measures ANOVAs. These additional analyses are reported in the 
supplemental digital content.  
 
We explored the correlations between TDJs, CCT interference scores (for the Tool Arrangement x 
Visual Field interaction), hand temperature asymmetries, sensory measures, questionnaire 
measures, clinical information, and age (Table 3), for people with upper limb CRPS (a), and lower 
limb CRPS (b). There were no consistent patterns of correlations within or between tasks (i.e. TDJs, 




*** Table 3 *** 
 
3.6.1 Age 
There is evidence that the effects of tool-use on bodily and spatial representations can be lower for 
older than younger participants [21]. Because our participants are on average older than those in the 
previous studies upon which our methods are based, we explored age as a covariate for the analyses 
of the CCT and TDJs. Age was not a significant covariate for the key interactions of interest. That is, 
there were no significant interactions involving Age and Set on TDJs, Fs(1, 69) ≤ 1.63, ps ≥ .205, ƞ2p ≤ 
.02, nor any other significant interactions involving Age. For the CCT there were no interactions 
involving Age, Tool Arrangement, and Visual Field that reached statistical significance, Fs(1, 69) ≤ 
3.35, ps ≥ .072, ƞ2p ≤ .05. We therefore found no evidence that Age influence updating of bodily or 
spatial representations.  
 



































































































































-.13                  
CRPS 
duration 
0.45 -.28                 
CRPS 
severity 
-.02 -.02 .07                
Movement 
Qual 
-.18 -.17 .26 -.15               
Allodynia -.50* .48* -.32 .29 .09              
MDT -.01 .07 .01 .06 -.31 -.42             
MPT .08 -.10 .34 -.22 -.17 -.47 .55*            
Two-point 
discrim. 
-.01 .17 -.10 -.12 -.16 -.07 .08 .25           
SF-MPQ-2 -.62** .51* -.60** .02 -.03 .63** -.33 -.30 .04          
BPD -.36 .49 -.29 .23 -.35 .45 -.09 -.27 .20 .48         
Δ TDJ: 
dom 
-.17 .32 .17 -.27 .48 .14 -.18 .18 .21 .20 -.21        
Δ TDJ: 
affected 
.04 .29 .27 .11 .15 -.06 .32 .33 .16 -.10 -.49 .47       
CCT: SU -.23 .19 .05 .25 .39 .40 -.15 -.16 -.40 .20 -.06 .17 .16      
CCT: OU -.19 .11 -.08 .09 .31 .29 -.24 -.30 -.26 .19 -.05 .49* -.06 .45     
CCT: SC .33 .45 .12 -.43 -.16 .04 .09 .23 .22 -.13 .02 -.01 .22 .09 -.36    














Next, we considered that our findings from the TDJs and CCT showing that people with upper limb 
CRPS updated bodily and spatial representations, but their matched controls did not, might be 
attributed to differences in movement. That is, they might be a consequence of people with upper 
limb CRPS having to exert more effort than controls to manoeuvre the tools, or by having to adapt 
their movement strategies to perform the task [92]. However, we did not find any evidence that the 
quality of movement was related to the updating of bodily or spatial representations for people with 
upper limb CRPS. That is, when we reanalysed the results using the research assistant’s ratings of 
participants’ quality of movement as a covariate we found that the covariate did not interact with 
Tool Arrangement and Visual Field in upper limb CRPS on the CCT, Fs(1, 14) ≤ 3.11, ps ≥ .100, ƞ2p ≤ 
.30, nor were there any interactions with the covariate involving Set or Side of the Body on the TDJs, 
F(1, 14) = 0.05, p = .394, ƞ2p = .05. Due to low sample sizes we were not able to make direct 
comparisons between people who the research assistant correctly identified as having upper limb 
CRPS based on their movement (n = 6), and those who had had an upper limb affected but were not 
identified (n = 11). Nonetheless, this analysis provides no indication that the effort exerted or the 
way people moved were related to the updating of bodily and spatial representations.  
 
4. Discussion 
Our study was the first to examine the updating of body and peripersonal space representations in 
CRPS following tool-use. In upper limb CRPS, tactile distance judgements (TDJs) were not 
significantly different between arms pre tool-use, but were significantly greater for the CRPS-
affected arm than the non-affected arm post tool-use. This is consistent with the perceived 
lengthening of the non-affected arm that is typically shown by pain-free controls, and/or a perceived 
shortening of the affected arm. People with lower limb CRPS showed similar (albeit non-significant) 
changes to the upper limb patients on TDJs. Contrary to our predictions, we found that both groups 
of people with CRPS showed patterns of crossmodal interference on the CCT indicative of an 
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updating of peripersonal space that were more pronounced than the controls, who showed no 
evidence of updating. Overall, our findings suggest that people with CRPS have more malleable 
bodily and spatial representations than controls.  
 
Our control participants did not show the expected updating of bodily and spatial representations 
(e.g. [7,17,60,66,67,115]). This could be because our sample was older than the typical student 
samples used (e.g. [17,60,67,115]). Older age is associated with lower flexibility of such 
representations (e.g. following tool-use [21]). The lack of change on TDJs following tool-use could be 
due to using a shortened version of the task (i.e. one repetition per distance instead of eight or more 
[67]), potentially reducing the precision of our measure. Alternatively, this pattern could reflect the 
tool-use dependent effects decaying during the last CCT block, indicating that people with CRPS 
show a greater retention of this effects than controls. Therefore, our TDJ task might have been less 
sensitive to changes in body representation than those used in other studies. It is noteworthy that 
participants with CRPS showed updating of body and peripersonal space representations, although 
their matched controls did not.  
 
Consistent with previous research (e.g. [13,48,50,70,110]) we found that participants with CRPS had 
distorted representations of their affected limbs. Tajadura-Jiménez and her colleagues recently 
showed that people with CRPS are able to update their bodily representations, because 
manipulating auditory feedback during walking changed the perceived dimensions of the CRPS-
affected limb [104]. Our study is the first to show that the ability to update bodily representations is 
different in people with CRPS relative to pain-free controls, and might differ for the affected and 




The difference in updating for the affected and non-affected side of the body is suggested by the 
changes in TDJs for the upper limb CRPS group. These were consistent with a perceived lengthening 
of the non-affected arm to facilitate the tools (i.e. the expected change following tool-use) and a 
perceived shortening of the affected arm, resulting in a significant difference in TDJs for the two 
arms after tool-use.[67,115] A perceived shrinking of the arm, measured by forearm bisection, has 
been observed after pain-free participants performed tool-use tasks by using proximal body parts 
(i.e. shoulder), whereas using distal ones (i.e. wrist) resulted in perceived lengthening [92]. Our 
results might therefore be explained by people with upper limb CRPS using proximal movements in 
their affected arm to perform the tool-use tasks in order to protect painful distal parts of the arm. 
However, fewer than half of the people with upper limb CRPS had their pain and other symptoms 
limited to only a distal part of the arm, and we did not find any effect of the rated quality of 
participants’ movement on the TDJs for upper limb CRPS. Alternatively, our results could reflect a 
tendency to avoid movement of the CRPS-affected limb in everyday life. Distorted bodily and spatial 
representations are common following limb immobilisation [7,35,51], but quickly normalize once 
movement is regained [6]. Limited movement of the affected limb has been suggested to cause 
distorted bodily and spatial representations in CRPS [84]. Since most of our participants reported 
their limb as seeming larger than reality, our findings could reflect a normalisation of the body 
representation for the CRPS-affected limb due to the execution of movements that are normally 
avoided. 
 
We observed a body-side specific trend when testing the arms of people with lower limb CRPS, 
similar to the significant pattern we found in upper limb patients. Although we can only interpret 
this trend with caution, if it were found to be significant (e.g. in a larger sample), it would provide 
further support for the idea that the differences in updating that we observed cannot be attributed 
to peripheral changes, but instead implicate central mechanisms. Neurological assessments and 
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neuroimaging have suggested the presence of parietal lobe dysfunction in CRPS ([20,53]; for review 
see [44]). For instance, motor impairments in CRPS correlate with posterior parietal cortex activation 
[53], an area that is important for sensorimotor integration [119] and maintaining a representation 
of the state of the body [98]. The pattern of updating in upper limb patients is also consistent with 
altered parietal lobe functioning.  
 
We expected people with CRPS to have less malleable spatial representations than controls, as their 
flexibility is use dependent [99], and many people with CRPS avoid moving their affected limb [84]. 
[13,29,75,85]Yet our results from the CCT suggest more malleable representations in both upper and 
lower limb CRPS, or, alternatively [41], more flexible spatial attention. The latter could be 
contributing to visuospatial attention biases in CRPS [13,29,75,85]. De Vignemont and Iannetti [22] 
have proposed that peripersonal space is comprised of distinct goal-directed and defensive 
representations that serve to facilitate action and self-protection, respectively. Many participants 
with lower limb CRPS used walking aids, which might facilitate updating of goal-directed 
peripersonal space representations, and could potentially explain the greater flexibility that we 
observed [30,99]. However, this cannot be said for the upper limb sample, as a majority presented 
with motor deficits that would likely interfere with daily tool-use. It is possible that our findings 
instead reflect a greater activation of defensive representations by people with CRPS to avoid painful 
encounters. The dimensions of defensive peripersonal space representations have yet to be mapped 
in CRPS. However, enlarged representations, as measured by the hand-blink reflex, have been found 
in people with trigeminal neuralgia [11]. Although the tool-use tasks in our study are typically 
considered goal-directed, it is possible that the updating seen reflects engagement of defensive 
peripersonal space in upper limb CRPS, as the tasks were painful. This is consistent with our finding 
that people with CRPS experienced greater crossmodal interference than controls, as peripersonal 
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space representations facilitate multisensory integration [97]. Our findings therefore highlight ways 
in which spatial representations might differ in CRPS. 
 
Contrary to our predictions, we found no evidence that spatially defined hand temperature 
modulations were altered by active tool-use. This is not surprising given that we did not observe any 
spatially defined modulation of hand temperature before tool-use, when only hand Arrangement 
was manipulated, despite having a larger sample size than previous studies reporting such an effect 
[73,74]. [73,74]The equipment that we used to measure temperature had sufficient sensitivity to 
detect effects of the magnitudes previously reported [101,113], and has been used to demonstrate 
spatially-modulated changes in hand temperature of healthy individuals [14]. In keeping with 
previous studies [73,74], we did not restrict participants gaze. Viewing one’s hand can influence skin 
temperature [93], and people with CRPS can have visuospatial attention biases away from their 
affected limb [13,29]. Individual variability in attention bias could therefore contribute to spatially 
defined modulations of CRPS symptoms, when gaze is not controlled for. Our finding showing no 
spatially defined modulation of CRPS symptoms is therefore unlikely due to limitations of our 
equipment, but may relate to participants’ gaze. 
 
Distorted bodily and spatial representations could contribute to the maintenance of CRPS by 
distorting motor predictions. The sensorimotor theory of pain [38] postulates that an incongruence 
between motor predictions and sensory feedback could underpin some pathological pain conditions, 
such as CRPS [64]. Our findings suggest that bodily and spatial representations are more flexible and 
perhaps less stable in CRPS than controls. Less stable and/or reliable representations might 
compromise motor predictions by increasing noise in the sensorimotor system [118], thereby 
increasing the likelihood of sensorimotor incongruence. Altered updating of bodily and spatial 
representations in people with CRPS is unlikely due to the acute experience of pain, as we have 
51 
 
previously shown that capsaicin-induced pain in normally pain-free participants does not alter such 
updating [115]. Although, a chronic experience of pain, and/or altered sensory processing [5] might 
give rise to our results. [20,44,86][8,97,107] 
 
To conclude, our study was the first to examine how body and peripersonal space representations 
are updated in people with CRPS compared to controls. Our findings suggest that people with CRPS 
have less stable representations of the body and peripersonal space, and point toward alterations in 
neuropsychological processing that are specific to the affected body-side rather than selective for 
the CRPS-affected limb. Although we did not replicate previously reported spatially defined 
modulations of CRPS symptoms, our findings demonstrate that bodily and spatial processing is 
altered in a manner consistent with existing theories of how chronic pain might arise in the absence 
of clear tissue pathology. 
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Clinical and demographic information for participants with upper limb CRPS. 
 
Table 2 
Clinical and demographic information for participants with lower limb CRPS. 
 
Table 3 
Pearson correlation matrices presented for people with upper limb CRPS (a; n = 18), and people with 
lower limb CRPS (b; n = 18). Current pain intensity was reported using a numerical rating scale (0-
10). CRPS severity [37] was calculated as the sum of signs, and symptoms. Movement quality was 
derived from a research assistant’s ratings of videos of participant’s movement (1 [worst imaginable] 
to 10 [best imaginable]) during the crossmodal congruency task (CCT), and beanbag sorting task. All 
quantitative sensory testing measures (i.e. allodynia, mechanical detection threshold, mechanical 
pain threshold), and the two-point discrimination threshold are expressed as difference scores (i.e. 
by subtracting the threshold for the non-affected side from the threshold of the affected side). For 
the Short-form McGill Pain Questionnaire 2 (SF-MPQ-2 [25]), and the Bath CRPS body perception 
disturbance scale (BPD [49]) we used the total score. Tactile distance judgements (TDJs) are 
calculated by subtracting pre tool-use ratings from post tool-use ratings, for each arm (i.e. non-
affected/dominant, affected/non-dominant). Interference scores from reaction time data from the 
CCT are presented for the sub-components of the two-way interaction between Tool Arrangement 
(crossed [C], uncrossed [U]), and Visual Field (same [S], opposite [O]). Absolute hand temperature 
asymmetries were calculated for uncrossed hands from the Hands Effector Condition. The change in 
hand temperature asymmetry was calculated by subtracting the absolute asymmetry for uncrossed 





The study’s procedure is outlined. For the first set of temperature recordings (red boxes), the 
participant’s hand’s temperature were recorded from their hands whilst the hands rested in a 
crossed and an uncrossed Arrangement. For the second set of temperature recordings, the 
temperatures were recorded with the hands uncrossed whilst holding the tools in a crossed and an 
uncrossed Arrangement. For the final temperature recordings we only measured hand temperature 
for the two tool Arrangements (tools crossed, tools uncrossed). The same counterbalancing order 
was used for the order of hand/tool Arrangement conditions for all the temperature recording Sets. 
Tactile Distance Judgements (TDJs; green boxes) were performed on the affected and non-affected 
arms (order counterbalanced), pre and post active tool-use. The experimenter changed the tools 
between the crossed and uncrossed Arrangements during the passive stage of the Crossmodal 
Congruency task (CCT; green boxes), in a counterbalanced order. During the active stages of the CCT 
(active 1, active 2, active 3), participants changed the tool Arrangement (crossed, uncrossed) by 
manoeuvring the tools themselves (see Fig. 2). The beanbag sorting task involved retrieving and 
sorting 12 beanbags, using the same tools that were used for the CCT (see Fig. 2). All tasks that 
involved active tool-use are depicted with shaded boxes (i.e. CCT sets 2-4, and beanbag sorting 
tasks). The blue vertical arrows indicate timings of pain ratings that were recorded before, during, 
and/or after the TDJs and CCT. In addition, participants gave 8 pain ratings for each Arrangement, 
during each set of temperature recording Sets. 
 
Fig. 2 
Tools used for the Crossmodal Congruency and Beanbag Sorting Tasks. The tools are depicted in 
their uncrossed (a, d, e), and crossed (b, f, g) Arrangements. The close-up of the distal end of a tool 
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(c) shows the location of two red Light Emitting Diodes (LEDs) embedded in the ‘blades’ of the tools, 
which also had a vertical peg attached (white oval) that slotted into holes in the wooden board. The 
pegs ensured the positions of the distal ends of the tools were consistent for crossed and uncrossed 
trials. The blue lines midway along the tools’ shaft indicated the location at which the tools should 
be crossed (b). Vibrotactile stimulators were embedded in the handles of the tools, indicated by 
yellow triangles (b), and illustrated by stars (d, e, f, g, h). A fixation light (off-white LED) was 
positioned mid-way between the ends of the tools, illustrated by red dots (d, e f, g, h), in line with 
the participant’s sagittal plane. A webcam (a, b) was placed beyond the distal ends of the tools, also 
aligned with participant’s sagittal plane. The fixation light, and webcam are highlighted with a white 
dotted circle (a). Visual targets were presented in the same (d, f), or opposite (e, g) Visual Field 
relative to vibrotactile targets (e.g. L + L, and L + R, respectively [h]). The vertical arrangement of 
visual targets (i.e. Congruence) was either congruent (e.g. lower + lower [h]; d, e, f, g), or 
incongruent (e.g. lower + upper [h]). Hence, there were four possible visual, and vibrotactile 
stimulus locations (h) for each tool, which were repeated for each of the Tool Arrangements 
(uncrossed, crossed), giving a total of 32 possible combinations. Participants completed all possible 
combinations of Tool Arrangement, Visual Field, and Congruence in a random order every 32 trials, 
three times per Set (passive, active 1, active 2, active 3), resulting in 96 trials per Set and a total of 
384 trials. Fig 2. is reused with permission (CC BY 4.0) from Vittersø et al. [83].  
 
Fig. 3 
Results for the Tactile Distance Judgement (TDJ) task. The perceived distance between two points 
placed on participants’ forearms (TDJs) are depicted, split by Group (upper limb CRPS [n = 18], lower 
limb CRPS [n = 18], controls [n = 35]), Side of Body (affected/non-dominant [in green], non-
affected/dominant [in blue]), and Set (pre, post). TDJs are measured by participants indicating a 
value on a diagram with 22 lines of different lengths (0.5 cm to 11.5 cm, with 0.5 cm increments). 
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Individual participant’s TDJs were taken as the mean indicated values for the three tested distances 
(4 cm, 6 cm, 8 cm) in cm. Group medians are depicted by the black lines. The limits of the grey, 
shaded areas indicate the 25th and 75th percentile. Individual data points are depicted by circles. 
*** padjusted < .001. 
 
Fig. 4 
Crossmodal interference in ms on the Crossmodal Congruency Task (CCT) for people with upper limb 
CRPS (n = 18) and their matched controls (n = 18). Data are split by Tool Arrangement (uncrossed 
[U], crossed [C]) and Visual Field (same [S; in green], opposite [O; in blue]). We calculated 
crossmodal interference by subtracting reaction times for congruent trials from those for 
incongruent trials. Medians are depicted by the central lines, and box limits indicate the 25th and 
75th percentile. The whiskers extend 1.5 times the interquartile range from the box limits. Individual 
data points are depicted by circles. ** padjusted < .01 
 
Fig. 5 
Crossmodal interference in ms on the Crossmodal Congruency Task (CCT) for people with lower limb 
CRPS (n = 18) and their matched controls (n = 18). Data are split by Tool Arrangement (uncrossed 
[U], crossed [C]) and Visual Field (same [S; in green], opposite [O; in blue]). We calculated 
crossmodal interference by subtracting reaction times for congruent trials from those for 
incongruent trials. Medians are depicted by the central lines, and box limits indicate the 25th and 
75th percentile. The whiskers extend 1.5 times the interquartile range from the box limits. Individual 





Hand temperature asymmetries (absolute difference in temperature between hand of the affected 
and unaffected side of the body, in °C) for people with upper limb CRPS (n = 18), lower limb CRPS (n 
= 18), and controls (n = 34), split by hand Arrangement (uncrossed, crossed). Blue lines indicate 
individuals who showed a numerical decrease in absolute hand temperature asymmetry for crossed 
hands (i.e. the expected spatially defined reduction of CRPS symptoms for crossed hands [73,74], 
compared to uncrossed hands. Orange lines indicate individuals who showed a numerical increase in 
hand temperature asymmetry for crossed hands compared to uncrossed hands. The black lines show 
the median hand-temperature asymmetries. The limits of the grey, shaded areas indicate the 
25th and 75th percentile. Individual data points are depicted by circles. 
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